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HIGHLIGHTS 


•  Graphene/Ag  nanocomposite  has  been  prepared  successfully. 

•  The  performance  of  electrode  is  improved  by  surface  modification. 

•  Mg65Ni27La8  +  0.2  G/A  exhibits  a  maximum  discharge  capacity  (814  mAh  g-1)  at  room  temperature. 
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Amorphous  Mg-Ni-La  alloys  for  hydrogen  storage  are  prepared  by  rapid  solidification.  Ag  nanoparticles 
have  been  deposited  onto  graphene  sheets  to  form  graphene/Ag  (G/A)  nanocomposite  through  sol¬ 
vothermal  method  using  ethylene  glycol  as  solvent  and  reducing  agent.  The  effects  of  surface  modifi¬ 
cation  of  amorphous  Mg— Ni— La  alloy  by  introduction  of  different  contents  of  G/A  are  systematically 
investigated  by  XRD,  FT-IR,  SEM,  TEM  and  conventional  electrochemical  tests.  The  results  show  that  the 
discharge  capacity,  cycle  life,  discharge  potential  characteristics  and  electrochemical  kinetics  of  the 
electrodes  are  all  improved.  The  surface  modification  enhances  the  electrocatalytic  activity  of  the  alloy 
and  reduces  the  contact  resistance  of  the  electrodes.  The  MggsN^Lag  with  20  wt.%  G/A  electrode  has  the 
largest  discharge  capacity  of  814.8  mAh  g-1,  which  is  1.33  times  that  of  the  electrode  without  G/A,  and 
the  best  electrochemical  kinetics.  Further  increasing  of  G/A  content  will  lead  to  the  increase  of  contact 
resistance  of  the  electrode,  resulting  in  the  degradation  of  electrode  performance. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Hydrogen  storage  materials  have  attracted  increasing  interest 
for  designing  future  clean  energy  systems.  Among  various  kinds  of 
hydrogen  storage  materials  studied  previously,  Mg-based  hydrogen 
storage  alloys  are  extremely  promising  [1—3],  due  to  their  high 
hydrogen  capacity,  low  specific  weight  and  abundance.  However, 
the  practical  application  of  Mg-based  alloys  is  restrained  by  their 
poor  hydriding/dehydriding  kinetics  at  room  temperature  and  their 
poor  charge/discharge  cycle  stability  caused  by  the  formation  of 
Mg(OH)2  on  the  surface  of  alloys  in  alkaline  solution.  In  order  to 
overcome  such  disadvantages,  many  additives  have  been  explored. 
Briefly,  they  can  be  classified  into  three  types:  (i)  transition  metals 
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(TMs),  such  as  Nb  [2—4],  Ti  [3,5],  V  [3,5]  and  Fe  3,6,7  ,  (ii)  transition 
metal  oxides  [TMOs]  with  variable  valence,  such  as  Cr203  [8,9]  and 
WO3  [10],  and  (iii)  carbon  allotropes,  such  as  graphite  [11,12]  and 
carbon  nanotubes  [13]. 

A  few  studies  about  influence  of  carbon  on  the  characteristics  of 
Mg-based  alloys  have  been  reported.  Iwakura  et  al.  [14—17]  re¬ 
ported  that  both  the  discharge  capacity  and  the  charge/discharge 
cycle  life  of  MgNi  electrode  could  be  improved  by  surface  modifi¬ 
cation  with  20  wt.%  graphite.  In  contrast,  Ruggeri  et  al.  17]  found 
that  surface  modification  of  MgNi  by  ball  milling  the  mixture  of 
alloy  and  graphite  for  10  h  had  a  major  deleterious  effect  on  the 
discharge  capacity,  because  carbon  limits  the  charge-transfer  re¬ 
action  at  the  surface  of  the  alloy.  In  addition,  Funaki  et  al.  [18] 
prepared  MgNiCx  (x  =  0-1.31)  by  mechanical  alloying  of  amor¬ 
phous  MgNi  and  graphite  for  20  h,  and  found  that  upon  hydroge¬ 
nation,  the  atomic  ratio  of  hydrogen  plus  carbon  to  metal  (H  +  C)/M 
in  MgNiCx  complex  remained  a  constant  value  of  about  0.9, 
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indicating  that  carbon  atoms  dissolved  into  the  sites  that  otherwise 
would  be  occupied  by  hydrogen  atoms.  Guo  et  al.  [19]  studied  the 
effects  of  surface  modification  of  amorphous  MgNii+x 
(x  =  0.05-0.3)  by  introduction  of  various  carbon  sources  in  the 
system  (graphite,  CNTs  and  carbon  black),  and  found  that  graphite 
could  effectively  increase  the  surface  electrocatalytic  activity  and 
the  cycle  life  of  the  electrodes. 

Graphene,  a  2D  atomically  thin  film  of  carbon  atoms,  has  unique 
characteristics  that  have  triggered  unprecedented  research  excite¬ 
ment  [20  .  Aside  from  the  unique  combination  of  strength  and 
ductility,  it  also  has  remarkable  chemical  inertness  such  as  resis¬ 
tance  to  HF  [21  .  Bunch  et  al.  [22]  has  shown  that  graphene 
membrane  can  be  impermeable  to  standard  gases  including  heli¬ 
um.  Additionally,  graphene  has  a  hydrophobic  nature  due  to  the 
non-polar  covalent  double  bonds,  which  prevent  hydrogen 
bonding  with  water  23].  Possessing  the  attributes  of  toughness 
and  hydrophobicity,  graphene  has  potential  as  an  ultrathin  pro¬ 
tective  coating  especially  in  protection  of  metals  from  corrosion  in 
marine  or  saline  environment. 

Silver  (Ag)  has  good  ductility,  electric  conductivity  and  thermal 
conductivity.  Also  Ag  is  a  good  catalyst  for  reduction  of  hydrogen  in 
aqueous  solution.  The  calculated  results  of  Pozzo  et  al.  24  showed 
that  Ag  added  to  hydrogen  storage  alloys  surface  was  conducive  to 
their  hydrogen  absorption  because  of  the  convenient  diffusion  of 
hydrogen  atoms  in  Ag  surface.  Qian  et  al.  [25]  prepared  Mg2_xAgxNi 
(x  =  0.05,  0.1,  0.5)  alloys  using  hydrogenated  burning  way,  founding 
that  Ag  can  improve  the  absorption  kinetics  of  hydrogen  storage 
alloy.  Thus,  Ag  is  another  ideal  surface  modification  additive. 

In  our  previous  work,  the  crystallization,  microstructure  and 
hydrogen  storage  properties  for  various  melt-spun  Mg-Ni-RE  (RE 
is  a  rare-earth  element)  and  Mg-Cu-RE  alloys  were  studied 
[26-30].  The  amorphous  structure  was  found  to  be  the  key  factor  to 
achieve  a  higher  discharge  capacity.  However,  little  attention  has 
been  paid  to  the  surface  modification  of  amorphous  alloy  elec¬ 
trodes  to  improve  their  performance.  An  investigation  on  these 
would  help  to  understand  the  hydrogen  storage  mechanism  for 
amorphous  alloys  and  improve  their  electrochemical  properties. 

Until  now,  there  has  no  comparative  study  of  the  effects  of 
graphene/Ag  nanocomposite  additives  on  electrochemical  proper¬ 
ties  of  Mg-based  amorphous  alloy.  In  this  paper,  melt-spun 
Mg65Ni27La8  alloy  was  prepared  and  Ag  nanoparticle  have  been 
deposited  onto  graphene  sheets  to  form  graphene/Ag  (G/A)  nano¬ 
composite.  The  effect  of  surface  modification  on  amorphous 
Mg-Ni-La  electrode  alloy  by  introduction  of  different  contents  of 
G/A  was  systematically  investigated  in  detail. 

2.  Experimental 

The  Mg-Ni-La  alloys  ingot  were  prepared  by  melting  a  mixture 
of  pure  La  metal  and  Mg-Ni  intermediate  alloy  in  a  vacuum  in¬ 
duction  furnace  under  the  protection  of  argon  gas.  The  purity  of  the 
La  metal  and  Mg-Ni  intermediate  alloy  was  99.8  wt.%  and 
99.6  wt.%,  respectively.  Positive  pressure  protection  and  repeated 
melting  were  adopted  to  prevent  serious  evaporation  of  Mg  and  to 
ensure  compositional  homogeneity  during  the  preparation  of  the 
master  alloy  ingot.  The  amorphous  ribbons  were  produced  using  a 
single  roller  melt  spinning  technique  (copper  quenching  disc  with  a 
diameter  of  250  mm  and  surface  velocity  of  about  39  m  s-1)  in  an 
argon  atmosphere  of  400  mbar.  The  as-quenched  ribbons  were 
then  ball-milled  into  powder  under  the  protection  of  an  Ar  atmo¬ 
sphere  with  a  ball-to-powder  weight  ratio  of  30:1  for  10  min  using 
a  specially  made  mill  pot  and  an  SPEX  8000  mill. 

Natural  graphite  (carbon  content:  99.9%)  was  purchased  from 
Qingdao  Aoke  Co.,  China.  Analytical-grade  reagents,  including  silver 
nitrate  (AgNCU),  ethylene  glycol  and  absolute  ethanol,  were 


Fig.  1.  X-ray  diffraction  patterns  of  the  as-quenched  Mg65Ni27La8  amorphous  alloy. 

purchased  from  Sinopharm  Chemical  Reagent  Co.,  Ltd.,  China,  in 
analytical  purity  and  used  without  further  purification.  Graphite 
oxide  was  prepared  from  purified  natural  graphite  according  to  the 
method  reported  by  Hummers  and  Offeman  [31  .  A  10  mg  portion 
of  graphite  oxide  powder  was  dispersed  in  10  mL  of  water  by 
sonication  for  1  h,  forming  stable  graphene  oxide  colloid.  Then 
20  mL  of  ethylene  glycol  and  100  mL  AgNCU  solution  (0.1  mol  L-1) 
were  added  to  the  solution  with  magnetic  stirring  for  30  min. 
Subsequently,  the  mixture  was  put  in  an  oil  bath  and  heated  at 
100  °C  for  6  h  with  magnetic  stirring.  The  graphene  with  Ag 
nanoparticles  were  then  separated  from  the  ethylene  glycol  solu¬ 
tion  via  centrifugation  and  washed  with  deionized  water  for  five 
times.  The  resulting  products  were  dried  in  a  vacuum  oven  at  60  °C 
for  12  h. 

The  Mg65Ni27La8  powder  was  then  mixed  with  Ni  powder  and 
G/A  powder  with  a  mass  ratio  of  l:4:x  (x  =  0,  0.1,  0.2,  0.3)  in  a 
mortar.  These  mixtures  were  milled  for  another  3  min  in  the  same 
condition  for  the  surface  modifications  of  Mg6sNi27La8  powder.  The 
Mg65Ni27La8  alloy  could  retain  the  amorphous  structure  after 
10  min  of  milling  [18  .  The  test  negative  electrodes  were  fabricated 
by  cold  pressing  the  resultant  powders  into  pieces  of  nickel  foam 
under  a  pressure  of  20  MPa.  The  electrodes  were  represented  as 
(Mg65Ni27La8)  +  x  G/A  (x  =  0, 0.1, 0.2, 0.3)  based  on  the  different  G/A 
content. 

The  crystal  structure  of  the  G/A  composites  was  characterized  by 
a  Philips  1730  powder  X-ray  diffractometer  (XRD)  with  Cu  Ka  ra¬ 
diation.  The  morphology  and  microstructures  were  observed  by  a 
JEOL  6460  scanning  electron  microscope  (SEM).  High  resolution 
transmission  electron  microscopy  (HRTEM)  was  conducted  on  a 
JEOL  2011  transmission  electron  microscope  (TEM)  at  an  acceler¬ 
ating  voltage  of  200  kV.  Infrared  (IR)  spectra  of  the  samples  were 
collected  on  a  Nicolet  Avatar  360  FTIR  Fourier  transform  infrared 
(FTIR)  spectrometer. 

Electrochemical  measurements  were  performed  at  room  tem¬ 
perature  (27  ±  1  °C)  in  6  M  KOH  solution  containing  20  g  L_1  LiOH 
using  a  three-electrode  cell.  The  positive  and  reference  electrode 
were  NiOOH/Ni(OH)2  and  Hg/HgO,  respectively.  Charge/discharge 
cycles  were  collected  on  an  Arbin  BT2000  battery  tester.  The  elec¬ 
trode  was  charged  at  100  mA  g-1  for  10  h  and  discharged  at 
50  mA  g-1,  and  the  cut-off  potential  was  set  at  -0.5  V  (versus  Hg/ 
HgO).  The  results  were  the  average  values  from  three  parallel  ex¬ 
periments  to  minimize  the  errors. 

After  the  electrodes  were  completely  activated  by  cycling,  the 
anode  polarization,  linear  polarization  and  electrochemical 
impedance  spectroscopy  (EIS)  studies  were  conducted  at  50%  depth 
of  discharge  (DOD)  using  AMETEK  Versa  STAT  MC  electrochemical 
test  system.  The  anode  polarization  and  the  EIS  test  were  carried 
out  at  room  temperature  (27  ±  1  °C).  The  anode  polarization  and 
the  linear  polarization  curves  were  measured  by  scanning  the 
electrode  potential  at  a  rate  of  5  mV  s_1  from  0  to  600  mV  (versus 
open  circuit  potential)  and  0.1  mV  s_1  from  -5  to  5  mV  (versus 
open  circuit  potential),  respectively.  The  EIS  measurements  were 
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carried  out  in  the  frequency  range  of  10  kHz-5  mHz  with  an  AC 
amplitude  of  5  mV  under  the  open  circuit  condition. 

3.  Results  and  discussions 

Fig.  1  presents  the  X-ray  diffraction  patterns  of  the  as-quenched 
Mg65Ni27Lag  alloy.  It  is  seen  that  the  melt-spun  alloy  show  only  a 
broad  and  diffuse  peak.  This  suggests  that  the  MgesN^Lag  alloy 
prepared  by  melt-spinning  is  typical  amorphous  structure. 

Fig.  2a  gives  the  XRD  patterns  of  various  samples.  As  shown  in 
Fig.  2a  (a),  there  are  no  obvious  diffraction  peaks  of  graphite  oxide 
or  graphite  were  observed  from  the  graphene  XRD  pattern.  Recent 
studies  [32  have  shown  that,  if  the  regular  stacks  of  graphite  oxide 
or  graphite  are  destroyed,  for  example,  by  exfoliation,  their 
diffraction  peaks  became  weak  or  even  disappeared.  It  does  not 
matter  whether  the  existent  carbon  sheets  was  graphene  oxide  or 
graphene  in  these  composites;  it  was  confirmed  that  the  regular 
layered  structure  of  graphite  oxide  or  graphite  was  destroyed.  After 
the  chemical  reduction  by  solvothermal  method,  the  graphene/Ag 
composite  showed  characteristic  peaks  at  38.1°,  44.3°,  64.4°  and 
77.4°  with  high  intensity  (Fig.  2  a  (b)),  which  can  be  assigned  to  the 
(1  1  1),  (2  0  0),  (2  2  0)  and  (3  11)  planes  of  the  cubic  Ag  crystal 
(JCPDS  No.  04-0783),  indicating  that  graphene/Ag  composite  was 
successfully  prepared  during  our  experiments. 

The  as-obtained  graphene-oxide  and  graphene/Ag  composite 
samples  were  also  analyzed  by  means  of  FTIR  spectroscopy  and  the 
results  are  shown  in  Fig.  2b.  The  relatively  broad  peak  at  3416  cm  1 
and  relatively  sharp  peak  at  1623  cm  1  indicate  that  the  samples 
contain  adsorbed  water.  The  peaks  at  1403  cm-1  and  1053  cirT1  can 


be  assigned  to  the  deformation  vibration  of  O— H  and  stretching 
vibration  of  C-O,  respectively.  Characteristic  bands  of  C=0 
carbonyl  stretching  and  C-O-C  vibration  located  at  1733  cm'1  and 
1221  cm-1  are  very  weak,  indicating  the  small  amount  of  these  two 
functional  groups  [33].  After  the  solvothermal  reduction,  removal 
of  oxygen-containing  groups  is  clearly  indicated  by  the  disappear¬ 
ance  of  the  most  absorption  bands  as  shown  in  Fig.  2b.  TEM  images 
of  graphene/Ag  composites  (Fig.  2c)  show  the  wide  distribution  of 
Ag  particles  ranging  in  the  diameter  of  10-30  nm.  It  can  be 
observed  that  graphene  sheets  are  decorated  by  Ag  particles  which 
are  well  separated  with  each  other  and  randomly  distributed. 
Fig.  2d  is  the  high-resolution  image  of  Ag  particles  reduced  by 
ethylene  glycol.  The  fringe  spacing  shown  in  the  image  is  about 
0.2052  nm,  which  agrees  well  with  the  (2  0  0)  lattice  plane  reported 
in  the  JCPDS  (No.  04-0783). 

Fig.  3  shows  the  SEM  images  of  Mg-Ni-La  +  x  G/A  particle 
(x  =  0,  0.1,  0.2,  0.3)  without  Ni  powder  (Ni  powder  was  not  added 
here  in  order  to  see  the  whole  status  of  the  surface  modification).  It 
can  be  observed  that  the  composites  are  more  sparsely  distributed 
on  the  alloy  surface  when  x  was  0.1,  indicating  the  dosage  of  G/A  is 
little;  when  x  was  0.2,  the  composites  covers  the  entire  surface  of 
the  alloy  particles,  showing  a  uniform  distribution  and  better  sur¬ 
face  modification.  When  x  reached  0.3  there  were  spherical  ag¬ 
glomerates  observed  on  the  surface  of  the  alloy  particles. 

The  variation  of  the  discharge  capacity  of  the  different  samples 
with  the  number  of  cycles  is  shown  in  Fig.  4.  It  can  be  observed  that 
the  discharge  capacity  is  greatly  improved  by  surface  modification 
using  G/A.  The  maximum  discharge  capacity  of  each  electrode  in¬ 
creases  first  and  then  decreases  with  increasing  G/A  content. 
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Fig.  2.  XRD  patterns  of  the  graphene  and  graphene/Ag  composites  (a),  FTIR  spectra  of  graphene-oxide  and  as-prepared  graphene/Ag  composite  (b),  TEM  image  (c)  and  HRTEM 
image  (d)  of  graphene/Ag  composites. 
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Fig.  3.  SEM  images  of  the  surface  of  Mg-Ni-La  +  x  G/A  particle:  x  =  0  (a),  x  =  0.1  (b),  x  =  0.2  (c),  x  =  0.3  (d). 


Mg65Ni27Lag  with  20  wt.%  G/A  exhibited  the  highest  capacity  and 
Mg65Ni27Lag  alone  was  the  lowest  one  when  they  are  activated.  For 
each  electrode,  the  discharge  capacity  reached  a  maximum  after 
three  or  four  cycles  (activation  period),  and  then  decreases  for  more 
cycle  numbers.  The  curves  of  the  discharge  capacity  became 
smooth  after  10  cycles.  The  largest  discharge  capacity  reached 
814.8  mAh  g'1  for  the  samples  with  20  wt.%  G/A  electrode,  which  is 
1.33  times  that  obtained  with  G/A-free  electrode,  as  shown  in 


Fig.  4.  Discharge  capacities  as  a  function  of  cycle  number  for  the  (Mg65Ni27La8)  +  x  G/A 
(x  =  0-0.3)  negative  electrodes. 


Table  1  (for  the  discharge  capacity  of  MggsN^Lag  alloy,  only  4.7% 
data  error  was  observed  between  this  manuscript  and  the  author's 
another  paper  [30  ).  Obviously,  there  is  an  optimal  G/A  content  for 
the  preparation  of  the  amorphous  Mg-Ni-La  electrode  with  high 
discharge  capacity.  Table  1  also  shows  the  activation  period,  the 
maximum  capacity  and  capacity  retention  at  the  20th  cycle  for 
different  samples.  The  maximum  discharge  capacity  of  Mg65Ni27La8 
with  20  wt.%  G/A  electrode  is  higher  than  that  of  Mg-Ni-Nd  alloys 
[26]  and  much  higher  than  that  of  the  AB3  type  alloys  (about 
400  mAh  g_1)  [34,35  .  A  few  reports  about  alloy  modification  with 
the  single  Ag  also  exist  36,37].  Wang  and  his  co-workers  found  that 
the  hydrogenation  properties  of  Mg1.gAgo.2Ni  alloy  could  be 
improved  by  inter-diffusion,  such  as  absorbing  hydrogen  at  low 
temperature  (423  I<)  and  prolonging  the  cycle  life,  but  its  maximum 
capacity  only  reached  2.8  mass%  (about  777  mAh  g_1)  at  573  K. 

From  above  results,  it  is  evident  that  the  increase  in  discharge 
capacities  is  not  only  a  function  of  the  sample  composition  but  also 
strongly  influenced  by  the  surface  modification  with  G/A,  The  G/A 
composite  can  slightly  expedite  the  process  of  activation  and 
improve  the  capacity  retention  after  20  cycles,  indicating  the 
improvement  of  charge/discharge  cycle  life. 

The  relationship  of  discharge  potentials  (voltage)  and  the 
discharge  capacities  (at  the  20  cycles)  is  shown  in  Fig.  5.  It  can  be 
seen  that  the  potential  plateau  becomes  more  horizontal  with  the 
increasing  G/A  content.  The  surface  modification  also  decreases  the 
discharge  potential  and  increases  the  length  of  potential  plateau 
compared  to  the  G/A-free  electrode,  suggesting  the  decrease  of 
hydrogen  overpotential  or  the  increase  of  the  electrocatalytic 
activity. 

Fig.  6  shows  anode  polarization  curves  of  the  (MggsN^Lag)  +  x 
G/A  (x  =  0-0.3)  electrodes.  In  all  cases,  the  anodic  current  densities 
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Table  1 

The  activation  period,  the  maximum  discharge  capacity  (Cmax),  the  discharge  ca¬ 
pacity  after  20  cycles  (C2 o)  and  capacity  retention  for  Mg— Ni— La  +  x  G/A  samples. 


Samples 

Activation 

period/cycle 

Cmax/mAhg  1 

C20/mAh  g  1 

Capacity 

retention/% 

x  =  0 

4 

610.8 

487.8 

79.86 

x  =  0.1 

3 

685.5 

565.9 

82.55 

x  =  0.2 

4 

814.8 

698.8 

85.76 

x  =  0.3 

3 

753.4 

642.8 

85.32 

Fig.  5.  Discharge  potential  curves  of  the  (Mg65Ni27La8)  +  x  G/A  (x  =  0-0.3)  electrodes 
at  the  20th  cycle. 

increase  to  a  limiting  value  and  then  decrease.  The  anodic  peaks 
correspond  to  the  oxidation  of  hydrogen,  because  they  are 
measured  at  50%  DOD.  The  limiting  current  density  k  (an  electro¬ 
chemical  kinetics  parameter,  meaning  the  speed  of  mass  transfer 
process  in  the  electrode  reaction)  is  listed  in  Table  2.  It  increases 
first  from  2233.4  mA  g-1  (x  =  0)  to  5672.3  mA  g-1  (x  =  0.2)  and  then 
decreases  to  4095.6  mA  g-1  (x  =  0.3),  which  implies  the  electro¬ 
chemical  kinetics  of  the  electrodes  increases  first  and  then 


Fig.  6.  Anode  polarization  curves  of  the  (Mg65Ni27La8)  +  x  G/A  (x  =  0-0.3)  electrodes 
at  50%  depth  of  discharge  at  27  °C. 


Table  2 

Limiting  current  density  IL  (27  °C)  and  the  exchange  current  densities  /0  for  the 
Mg— Ni— La  +  x  G/A  electrodes. 


Samples 

hi  mAg  1 

/o/mAg  1 

x  =  0 

2233.4 

156.2 

x  =  0.1 

2967.4 

170.3 

x  =  0.2 

5672.3 

213.6 

x  =  0.3 

4095.6 

192.5 

decreases  with  increasing  G/A  content.  This  illustrates  that  the 
diffusion  steps  play  a  relatively  small  role  in  electrode  reaction 
process  for  MgesN^Las  with  20  wt.%  G/A  electrode,  which  shows  a 
relatively  fast  mass  transfer  process  could  better  meet  the  needs  for 
electrochemical  reaction. 

The  exchange  current  densities  7o  for  the  electrodes  are  calcu¬ 
lated  using  the  following  expression  [38]: 

m 

where  R ,  T,  Id,  F,  jl  are  the  gas  constant,  the  absolute  temperature, 
the  applied  current  density,  the  Faraday's  constant  and  the  total 
over-potential,  respectively.  Idl/4  is  the  slope  of  these  straight  lines. 
Fig.  7  presents  the  linear  polarization  curves  of  the  different  elec¬ 
trodes.  One  of  the  biggest  slope  was  observed  with  Mg65Ni27La8 
with  20  wt.%  G/A  electrode,  followed  by  MgesN^Las  with  30  wt.% 
G/A  electrodes,  the  smallest  is  G/A-free  electrode.  Corresponding 
exchange  current  density  /o  is  listed  in  Table  2.  MgesN^Las  with 
20  wt.%  G/A  electrode  exhibited  the  highest  exchange  current 
density  of  213.6  mA  g-1,  that  implies  its  good  polarization  resis¬ 
tance  and  also  explains  why  the  discharge  voltage  of  Mg65Ni2yLa8 
with  20  wt.%  G/A  electrode  is  lower  than  other  electrodes. 

Fig.  8  shows  electrochemical  impedance  spectra  of  the  different 
electrodes.  Each  spectrum  consists  of  two  semicircles  in  the  high- 
frequency  region  followed  by  a  straight  line  in  the  low-frequency 
region.  According  to  literature  [39  ,  the  small  arc  in  the  high- 
frequency  region  and  the  large  arc  in  the  low-frequency  region 
can  be  assigned  to  the  contact  resistance  (Fcp)  between  the  current 
collector  (Ni  foam)  and  the  alloy  particles,  and  to  the  charge- 
transfer  reaction  resistance  (Fct)  on  the  alloy  surface,  respectively. 
Using  the  equivalent  circuit  [40]  as  shown  in  Fig.  8,  the  values  of 
four  electrodes  can  be  calculated.  Rs,  Zw  and  Qi(2)  in  Fig.  8  represent 


Overpotential/mV 

Fig.  7.  The  linear  polarization  curves  of  the  Mg-Ni-La  +  x  G/A  (x  =  0-0.3)  electrodes 
at  50%  depth  of  discharge  at  27  °C. 
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Fig.  8.  Electrochemical  impedance  spectra  of  the  Mg-Ni-La  +  x  G/A  (x  =  0-0.3) 
electrodes  at  50%  depth  of  discharge  at  27  °C.  Inset  is  a  photograph  of  equivalent 
circuit. 


the  solution  resistance,  the  Warburg  impedance,  and  the  imperfect 
capacitor,  respectively.  The  results  are  listed  in  Table  3.  Both  of  the 
Rc p  and  Rct  decrease  first  and  then  increase  with  the  increasing  G/A 
content.  The  MgesN^Las  with  20  wt.%  G/A  electrode  shows  the 
lowest  contact  resistance  and  charge-transfer  reaction  resistance, 
suggesting  the  best  electrochemical  kinetics. 

It  is  well-known  that  the  practical  application  of  Mg-based  al¬ 
loys  is  restrained  by  their  poor  charge/discharge  cycle  stability 
caused  by  the  formation  of  Mg(OH)2  on  the  surface  of  alloys  in 
alkaline  solution.  The  formation  of  Mg(OH)2  will  lead  to  the  loss  of 
hydrogen  storage  materials  and  obstructs  the  diffusion  of  hydrogen 
atoms  as  well  [41  .  Therefore,  the  increase  of  the  anti-oxidation  and 
anti-corrosion  of  the  alloys  seems  to  be  an  important  factor  to 
improve  the  electrode  properties.  If  the  alloy  surface  is  covered 
with  G/A,  the  condition  will  be  different.  It  is  expected  that  G/A  will 
react  with  amorphous  Mg-Ni-La  alloy  and  probably  donate  elec¬ 
tron  to  the  alloy  surface  during  high-energy  ball  milling.  The 
electrons  trapped  on  the  alloy  surface  might  change  the  chemical 
states  of  the  interaction  between  Mg  and  G/A-Mg  on  the  alloy 
surface  and  correspondingly  increase  the  active  sites  for  hydrogen 
absorption  and  desorption  and  partially  prevent  the  formation  of 
Mg(OH)2  on  the  alloy  surface.  That  would  increase  the  anti¬ 
oxidation  and  anti-corrosion  of  the  alloys  and  improve  the  cycle 
stability  of  the  alloy  electrodes. 

According  to  the  above  results,  the  influence  of  the  surface 
modification  of  amorphous  Mg65Ni27La8  electrodes  with  G/A  on  the 
electrochemical  characteristics  could  be  illuminated  as  follows:  (1) 
The  surface  modification  could  enhance  the  electrocatalytic  activity 
of  the  alloy,  reduce  the  contact  resistance  of  the  electrodes,  and  also 
increase  the  anti-oxidation  and  anti-corrosion  performance  of  the 
alloys.  Thus,  the  electrochemical  properties  of  amorphous 


Table  3 

Contact  resistance  Rcp  and  charge-transfer  resistance  Rct  of  the  Mg— Ni— La  +  x  G/A 
electrodes  at  27  °C. 


Samples 

Rc  p/mQ 

Rct/fi 

x  =  0 

917 

3.08 

x  =  0.1 

163 

2.86 

x  =  0.2 

117 

1.77 

x  =  0.3 

154 

2.41 

Mg65Ni27La8  electrodes  are  improved.  (2)  The  performance  of  the 
Mg65Ni27La8  with  30  wt.%  G/A  electrode  is  worse  than  that  of  the 
Mg65Ni27La8  with  20  wt.%  G/A  electrode  in  almost  every  aspect. 
This  is  considered  to  be  caused  by  two  reasons.  Firstly,  the  gaps 
between  Mg6sNi27La8  powder  and  Ni  powder  are  limited.  When  the 
G/A  content  exceeds  a  certain  value,  the  G/A  composite  will  become 
thick  and  aggregated,  and  lead  to  the  increase  of  contact  resistance 
(refer  to  Table  3).  Secondly,  further  increase  of  G/A  composite 
thickness  will  make  the  diffusion  of  hydrogen  atoms  more  difficult, 
leading  to  a  decrease  of  electrode  properties. 

4.  Conclusions 

The  electrochemical  characteristics  of  amorphous  Mg65Ni27La8 
electrode  are  greatly  improved  by  surface  modification  using 
different  contents  of  G/A  composite.  The  surface  modification  could 
enhance  the  electrocatalytic  activity  of  the  alloy,  reduce  the  contact 
resistance  of  the  electrodes,  and  also  increase  the  anti-oxidation 
and  anti-corrosion  performance  of  the  alloys.  Therefore,  the 
discharge  capacity,  limiting  current  density,  discharge  potential 
characteristics  and  cycle  life  of  the  electrodes  can  be  improved.  An 
optimal  content  of  20  wt.%  G/A  in  alloy  composite  has  been  ob¬ 
tained.  The  Mg65Ni27La8  with  20  wt.%  G/A  electrode  exhibited  the 
largest  discharge  capacity  of  814.8  mAh  g-1  and  the  best  electro¬ 
chemical  kinetics  among  the  studied  electrodes.  Further  increase  of 
the  G/A  content  will  compromise  the  performance  of  the  electrode. 
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